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Abstract
To assemble into a virus with icosahedral symmetry, capsid proteins must be able to attain multiple conformations. Whether this
conformational diversity is achieved during folding of the subunit, or subsequently during assembly, is not clear. Phage P22 coat protein
offers an ideal model to investigate the folding of a monomeric capsid subunit since its folding is independent of assembly. Our early studies
indicated that P22 coat protein monomers could be folded into an assembly-competent state in vitro, with evidence of a kinetic intermediate.
Using urea denaturation, coat protein monomers are shown to be marginally stable. The reversible folding of coat protein follows a
three-state model, NN IN U, with an intermediate exhibiting most of the tryptophan fluorescence of the folded state, but little secondary
structure. Folding and unfolding kinetics monitored by circular dichroism, tryptophan fluorescence, and bisANS fluorescence indicate that
several kinetic intermediates are populated sequentially through parallel channels en route to the native state. Additionally, two native states
were identified, suggesting that the several conformers required to assemble an icosahedral capsid may be found in solution before assembly
ensues.
© 2003 Elsevier Science (USA). All rights reserved.
Introduction
The amino acid sequence of a protein codes for both its
folding and its assembly pathways (Anfinsen, 1973). A
remarkable example of an assembly process is the polymer-
ization of capsid subunits into an icosahedral virus. The
genome of a virus is protected by the tight interactions of
the capsid subunits and the overall stabilization of the sub-
units that occurs upon assembly (Galisteo and King, 1993;
Steven et al., 1992). Conformational changes that occur
during polymerization are apparent; solvent exposed sur-
faces in the soluble subunit are buried in the mature capsid
(Teschke and King, 1993; Teschke et al., 1993). The folding
of structural proteins such as viral capsid subunits has not
been investigated as thoroughly as the folding of globular
proteins (Jaenicke, 1987; Kim and Baldwin, 1990; Teschke
and King, 1992). The discovery of antiviral therapeutics
will clearly be aided by understanding how virus subunits
fold and assemble.
In the capsid of viruses with a T  1, identical subunits
occupy positions in the lattice that require at the very least
small changes in bonding interactions (Caspar and Klug,
1962; Dokland, 2000). Even larger differences between
capsid subunit structures can be seen in both conformational
changes and subunit interactions (Dokland, 2000). For ex-
ample, the X-ray structure of SV40 shows that the chemi-
cally identical capsid protein in a pentamer can fold with
either two or three -helices depending on whether the
pentamer makes two-fold or three-fold contacts in the cap-
sid (Liddington et al., 1992). The amino-terminus of the
tomato bushy stunt virus coat protein either forms a -struc-
ture with the amino-termini of adjacent subunits or is dis-
ordered, depending on the position of the subunit in the
capsid (Harrison and Williams, 1978). Chemically identical
1 subunits acquire two different conformations in the re-
ovirus core structure (Reinisch et al., 2000), again showing
the inherent plasticity of viral capsid proteins to acquire
alternate conformations during assembly.
Since viral capsid proteins must be flexible to acquire
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different conformations, the question of how these confor-
mations are attained is important for understanding capsid
assembly. Are all the conformations populated in solution in
equilibrium or is there a single population that undergoes a
conformational change during assembly? To answer these
questions, we investigated the folding of wild-type (wt)
phage P22 coat protein. The folding of coat protein can be
uncoupled from its assembly because efficient assembly
requires the addition of scaffolding protein, easing the in-
vestigation of each process (Fuller and King, 1981, 1982;
Prevelige et al., 1988). P22 is a dsDNA bacteriophage of
Salmonella typhimurium. It has a T  7 icosahedral shell
comprising 420 copies of coat protein (Botstein et al.,
1972). P22 coat protein is a 47-kDa polypeptide composed
of 429 amino acids (Botstein et al., 1972; Eppler et al.,
1991). During assembly, coat protein and 150–300 mole-
cules of scaffolding protein (33 kDa) form a spherical pro-
capsid (Fuller and King, 1980; King and Casjens, 1974;
King et al., 1973; Prevelige et al., 1988; Thuman-Commike
et al., 1996). Also incorporated into the procapsid during
assembly are three types of pilot proteins and a portal
protein complex. After the procapsid is complete, the scaf-
folding protein exits through the holes in the procapsid
lattice while the DNA is packaged into the procapsid
through the portal protein complex. As the DNA is pack-
aged, the capsid lattice expands in volume by 10%, alters its
conformation to an icosahedral shape, closes the holes in the
lattice, and forms a mature phage.
The inability of a viral protein to fold or assemble prop-
erly will disrupt viral function (Braakman and van Anken,
2000; Ishima et al., 2001; Louis et al., 1999). Dramatic
changes in the ability of a capsid protein to fold or assemble
can be brought about by small deletions or even single
amino acid substitutions (Bertolotti-Ciarlet et al., 2002;
Caston et al., 2001; Fong et al., 1997; Gordon and King,
1993; Teschke and King, 1995). Single amino acid substi-
tutions in phage P22 coat protein, called temperature-sen-
sitive-folding (tsf) mutants, cause the protein to aggregate
when folded at high temperature in vivo (Gordon and King,
1993, 1994). These protein aggregates form inclusion bod-
ies in the cell (Gordon and King, 1993). However, when the
folding occurs at a lower temperature, the tsf mutant coat
proteins are able to fold into an assembly-competent con-
formation (Teschke, 1999). The molecular chaperones,
GroEL and GroES, can alleviate the improper folding of the
tsf coat proteins that leads to aggregation at high tempera-
ture in vivo (de Beus et al., 2000; Gordon et al., 1994;
Nakonechny and Teschke, 1998). To identify other amino
acids in coat protein that are important for folding or as-
sembly, we isolated suppressor (su) substitutions at addi-
tional sites in coat protein (Aramli and Teschke, 1999).
Three of these second-site suppressors, D163G, T166I, and
F170L, were repeatedly isolated from several different tsf
coat protein mutants and are therefore referred to as global
suppressors. These global suppressors function by increas-
ing the rate of assembly of coat protein into a capsid,
thereby decreasing the rate of irreversible aggregation
through kinetic competition between aggregation and as-
sembly (Aramli and Teschke, 2001). We can conclude that
particular amino acids in the sequence of a protein are
crucial for proper folding and assembly.
To understand the effects of the various amino acid
substitutions on the folding of coat protein, we found that
we needed to further refine our folding model. Earlier in-
vestigations had suggested that coat protein folded through
a kinetic intermediate but did not thoroughly characterize
that species (Teschke and King, 1993). Here we have in-
vestigated the folding of wt coat protein utilizing both
equilibrium and kinetic methods. We determined that wt
coat protein folds through parallel channels with sequential
intermediates and two native states. We suggest that the
formation of two native states, which are in equilibrium
with each other, and folding intermediates may be the im-
portant link between the folding of a subunit and its ability
to acquire the conformations for assembly into an icosahe-
dron.
Results
Wt coat protein folds into monomers in vitro
Previously, wt coat protein was reported to refold from
denaturant into monomers at concentrations less than 1
mg/ml in a Tris/NaCl buffer or phosphate/NaCl buffer
(Galisteo et al., 1995; Teschke and King, 1995). We have
used a different buffer system (20 mM sodium phosphate
buffer, pH 7.6, with no additional salt) here because our
earlier investigations showed that this buffer allows coat
protein to display behavior in vitro, consistent with its in
vivo phenotype (Teschke, 1999). In this previous study, wt
coat protein appeared to be monomeric on a native gel but
no further studies were done to confirm its oligomeric state.
Here we use analytical ultracentrifugation sedimentation
velocity to determine if coat protein is monomeric in our 20
mM phosphate buffer, as it was in the previously described
buffers. We chose to use velocity sedimentation rather than
equilibrium sedimentation because we were concerned that
the high protein concentrations found at the bottom of the
centrifuge cell in equilibrium experiments would cause coat
protein to assemble over the time required to reach equilib-
rium, even in the absence of scaffolding protein (Teschke et
al., 1993).
We analyzed the oligomeric state of the refolded wt coat
protein at 0.2 mg/ml and at 1 mg/ml. At 4°C, the
average Sw was calculated to be 2.3  0.1 and the average
diffusion coefficient (D) was calculated to be 4.4  0.4 by
DCDT analysis (Philo, 2000). There was no evidence of
sample heterogeneity in the g(s*) vs s* plots because the
plots were not skewed toward higher S values, which would
indicate higher MW species (Fig. 1). The average molecular
weight calculated from DCDT single species fits was 44.9
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 2.9 kDa, which is within error of the sequence molecular
weight of 46,620 Da (Eppler et al., 1991). Analysis of the 1
mg/ml data using Sedfit (Schuck, 2000) with an ideal inde-
pendent sedimenting species model showed only 4% of the
material was a higher molecular weight aggregate. This is
likely due to a small amount of an irreversible aggregate
caused by off-pathway folding or a slow oligomerization of
coat protein in the absence of scaffolding protein. These
data confirmed that the wt coat protein was largely mono-
meric under the refolding conditions used here.
The stability of wt coat protein
Previously, we determined the stability of wt coat protein
using tryptophan fluorescence (Teschke and King, 1993).
With this technique, the folding of wt coat protein mono-
mers appeared to follow a two-state folding model with only
native (N) and unfolded (U) coat protein populated in equi-
librium. However, other results suggested that coat protein
is likely to have at least two domains (Capen and Teschke,
2000; Lanman et al., 1999), so that folding via a two-state
model was likely to be too simple. Thus, we investigated the
folding using multiple techniques to determine if the folding
of coat protein was indeed more complicated than our ear-
lier experiments indicated.
To examine the stability of coat protein monomers, equi-
librium urea titrations were done. Coat protein, initially as
native monomers or monomers unfolded in 6.75 M urea,
was titrated into a series of solutions that contained from 0
to 5 M urea and was incubated until equilibrium was
reached. Each sample was monitored by both tryptophan
fluorescence and circular dichroism signals to characterize
the folding transition. These techniques were chosen be-
cause there is a change in the spectroscopic signal as coat
protein unfolds or refolds, allowing us to monitor the equi-
librium transition (Galisteo et al., 1995; Prevelige et al.,
1994; Teschke and King, 1993). The equilibrium data for
each of the techniques were reversible (data not shown) and
showed no concentration dependence (Figs. 2a, b, and c),
which indicates that all steps in the folding pathway are
monomeric. Any reaction converting monomers and higher
order species must show concentration dependence due to
the association (Jaenicke and Rudolph, 1989). When the
data were normalized, it became apparent that the curves for
the two techniques were not coincident; the secondary struc-
ture was mostly unfolded before much change in the tryp-
tophan fluorescence was observed (Fig. 2c). Noncoincident
curves are a hallmark of an intermediate in a folding path-
way (Finn et al., 1992). A plateau is apparent at approxi-
mately 1 M urea, also suggesting a folding intermediate (I)
was populated. These two observations indicated that we
should analyze our data with a more complicated folding
model than N N U. Thus, we fit the fluorescence and CD
equilibrium data globally with a three-state model, NN IN
U, using the nonlinear least-squares fitting program, Savuka
(Bilsel et al., 1999; Zitzewitz et al., 1995) (Table 1). The
lines drawn in Fig. 2a, b, and c show the fit of the data to the
three-state model. Other models, such as N N U or N N
I1 N I2 N U, were also tried but the fits were significantly
worse (data not shown). To determine the fraction of native,
intermediate, or unfolded coat protein, the equilibrium pa-
rameters derived from the fit of the equilibrium data were
used to generate a plot of the fraction of each species at
different urea concentrations (Fig. 2d). This plot shows that
an intermediate is significantly populated at urea concentra-
tions around 1 M.
Thermodynamic information is obtained from the global
analysis of the equilibrium data. Coat protein monomers are
only marginally stable (GNU  5.8 kcal/mol). Typical
proteins range from 5 to 10 kcal/mol (Creighton, 1993).
The m-values for the transitions, which are the slopes of the
equilibrium transitions and measure the change in solvent
exposure for each transition (Myers et al., 1995), were 5.4
and 1.3 kcal mol1 M1 for N N I and I N U transition,
respectively. These m-values indicate that the N N I tran-
sition had a greater increase in solvent exposure than the
I N U transition, which is consistent with an intermediate
that is more similar to the unfolded state than the native
state. The Z parameter, a measure of the optical properties
of the intermediate, indicated that the intermediate had 95%
of the tryptophan fluorescence of the native protein, while
retaining only 5% of the secondary structure as monitored
by CD.
An equilibrium titration in the presence of bisANS (Fig.
3) indicated that the maximum bisANS fluorescence bind-
ing occurred at 0.5 M urea. BisANS is a fluorescent dye
used as an indicator for exposed hydrophobic surface area
(Brand and Gohlke, 1972), which we have used extensively
to monitor the folding of coat protein (Fong et al., 1997;
Teschke, 1999; Teschke and King, 1993, 1995). The in-
crease in bisANS fluorescence intensity corresponded to the
midpoint of the CD unfolding transition and suggested that
the transition monitored by tryptophan fluorescence may
Fig. 1. Analytical ultracentrifugation sedimentation velocity of wt coat
protein. Coat protein at 1 mg/ml, 4°C, was spun at 50,000 rpm in a
Beckman Optima XL-I analytical ultracentrifuge and monitored using
interference optics. The data were analyzed using DCDT, which yields
the distribution of apparent sedimentation coefficients.
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measure different phenomena than a general unfolding of
the hydrophobic core of coat protein, such as the unfolding
of a specific hydrophobic patch in which the coat protein
tryptophans are located. This is not an unexpected result
since other investigators have suggested that coat protein
tryptophans may be clustered (Prevelige et al., 1994). Since
the hydrophobic core of the protein appears to be exposed in
low urea concentrations as seen in the bisANS experiments,
this may explain why most of the solvent exposure occurs in
the N N I transition.
Kinetic studies of the folding and unfolding of coat
protein
The equilibrium titrations indicated that an equilibrium
folding intermediate exists in the folding of coat protein and
that the N N I and I N U transitions for this intermediate
have very different G and m values. Because assembly of
the capsid requires native folded subunit proteins, the pro-
cess by which the intermediates and native monomers fold
is crucial to the formation of a capsid. To investigate the rate
of folding and unfolding of coat protein, kinetic studies
monitored by tryptophan fluorescence, CD, and bisANS
fluorescence were performed.
To determine the rate of folding, wt protein denatured in
6.75 M urea was diluted into buffered solutions containing
lower urea concentrations. The folding of the protein was
monitored by CD or intrinsic tryptophan fluorescence until
a new equilibrium was established. To determine the rate of
unfolding, coat protein that had been refolded into mono-
mers, as previously described, was diluted into varying
concentrations of urea. For each reaction, the data were fit
with the equation for a first-order reaction with either one or
two exponentials, which reflect the rate constant for either
one or two reactions. To determine which equation fit the
data better, the residuals and the reduced 2 of each were
compared. Residuals are the difference between the fit and
the data. A good fit should have small residuals that are
randomly distributed above and below zero and show no
systematic deviation such as a “hook or wave” in the resid-
uals (Zitzewitz et al., 1995). Using an F-statistics curve, we
determined that a decrease in the reduced 2 of 10% indi-
cates at least an 85% confidence level that the improvement
in the fit did not occur by chance (Lakowicz, 1999). Both
the folding and the unfolding reactions monitored by CD
and tryptophan fluorescence were best fit to a first-order rate
equation with two exponentials (Fig. 4 and 5), giving a
faster and slower rate constant for each kinetic reaction. The
scale of the y-axis for the single and double exponential
residuals are identical for each set of data for ease of
Fig. 2. Equilibrium unfolding urea titrations of wt coat protein. wt coat
protein, either as folded monomers or as unfolded monomers in 6.75 M
urea, were titrated to give final urea concentrations between 0 and 5 M and
incubated at 20°C. For intrinsic tryptophan fluorescence (circles), excita-
tion and emission wavelengths of 295 and 340 nm, respectively, were used.
CD experiments (squares) were performed at 222 nm. Open symbols are
data at 25 g/mL; closed symbols are data at 100 g/mL protein. All the
data from both CD and fluorescence experiments were globally fit to a
three-state model using the program, Savuka, as described under Materials
and methods. (A) Equilibrium unfolding at 100 g/ml; the line represents
the global fit of the data. (B) Equilibrium unfolding curves at 25 g/ml,
also with the global fit. (C) Normalized data, and the global three-state fit,
from (A) and (B). The symbols are as described above. (D) Fraction of
each species, native (solid line), equilibrium intermediate (dashed line), and
unfolded protein (dotted line), at different urea concentrations. Equilibrium
constants and m values from the global analysis were used to determine the
fraction of the species as described under Materials and methods.
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comparison. In the folding kinetics (Fig. 5) the difference
between the residuals for the two fits is clear. The single
exponential fits for both CD and tryptophan fluorescence
miss the data at early times, which is seen as a hook in the
residuals, indicating a second faster step. The unfolding
kinetics (Fig. 4) are more difficult to interpret. The fast
unfolding phase tends to be an order of magnitude faster
than the slow phase, so there are a small number of points
defining the early portion of the curve. The fits using the
first-order reaction with two exponentials were determined
to be better because the reduced 2 was significantly im-
proved and the data were better fit at an early time. In
addition, the fast phase of the unfolding reactions disap-
peared at higher urea concentrations because it occurs
within the dead time of mixing (5–7 s). For either folding or
unfolding reactions (in cases where both the time constants
can be observed), the slow phase in the kinetics was about
80% of the total change in amplitude, suggesting that coat
protein mostly utilized a slower pathway in folding and
unfolding reactions. The rate constants for the kinetics at
each urea concentration were plotted as relaxation times
(1/k) in a chevron plot, described below.
For both the folding and the unfolding reactions, a sig-
nificant burst phase in the signal monitored by each tech-
nique is observed (data not shown). A burst phase is a jump
in the signal that occurs before the first data point can be
taken because part of the reaction takes place faster than can
be observed experimentally (Bilsel et al., 1999; Gloss and
Matthews, 1998). The folding burst phase measured by CD
was 33% of the total amplitude and 65% of the fluorescence
amplitude. These data indicate that substantial formation of
structure occurs within 5–7 s. The unfolding burst measured
by fluorescence was 25% of the total amplitude. For CD the
entire unfolding reaction was observed. A burst phase in
fluorescence without a corresponding burst in CD unfolding
kinetic experiments may indicate a shift in the equilibrium
between different species, such as multiple native states,
that have different fluorescence properties but no change in
overall secondary structure.
Folding kinetics were also monitored by bisANS fluo-
rescence (Fig. 6a). The rate of bisANS binding is much
faster than the relaxation time of the fastest folding step
monitored (data not shown). The bisANS folding kinetics
were best fit by a first-order reaction with two exponentials
consisting of a rapid increase in the bisANS fluorescence
followed by a slower decrease in the fluorescence. The
observed kinetics showed some dependence on the concen-
tration of bisANS (Fig. 6b). Thus, the relaxation times for
each reaction were determined by extrapolating the data
back to 0 M bisANS. The rapid increase in bisANS fluo-
rescence is consistent with the formation of a hydrophobic
intermediate. The decrease in fluorescence would corre-
spond to a decrease in hydrophobicity with continued fold-
ing. A significant burst phase was also observed in bisANS
kinetic experiments, consistent with rapid formation of the
burst-phase intermediate seen in the refolding reactions
monitored by CD and tryptophan fluorescence.
Analysis of the folding and unfolding kinetics
The urea dependence of relaxation times for CD, fluo-
rescence, and bisANS fluorescence kinetics were each plot-
ted in a chevron plot (Matthews, 1987) (Fig. 7). Since our
urea titration experiments indicated that the intermediate
populated in equilibrium has almost no CD signal but most
of the native tryptophan fluorescence, the kinetics moni-
tored by CD were likely to correspond to the IN N transition
and the kinetics monitored by fluorescence were likely to
correspond to the U N I transition. Indeed, the chevron
curves of both the fast and the slow phases for the kinetics
monitored by tryptophan fluorescence do not overlay those
determined by monitoring CD signal, suggesting that the
Table 1













3.70  0.01 5.43  0.01 2.11  0.01 1.29  0.01 5.81 0.05  0.02 0.76  0.01
a Data were fit globally to a three-state model, N N I N U. Fluorescence and CD fits were performed on data collected at 0.5 and 2 M, and 0.66 and
2 M monomer, respectively.
Fig. 3. The formation of a hydrophobic intermediate monitored by bisANS.
A urea titration at a protein concentration of 25 g/ml was allowed to reach
equilibrium, after which bisANS (a hydrophobic dye) was added for a final
concentration of 2–3 M. The fluorescence of each sample was determined
with the excitation wavelength at 390 nm and the emission wavelength at
495 nm. The fluorescence was normalized to the highest intensity.
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tryptophan fluorescence and CD signal are monitoring dif-
ferent events in folding and unfolding. The folding and
unfolding arms of each chevron meet smoothly at the point
of the curve, which indicates that each reaction is reversible
(Finn et al., 1992). In addition, the peak of the each chevron
occurs at the urea concentration that corresponds to the
midpoint in our equilibrium urea titration experiments,
which is typical of a two-state reaction (in this case either
N N I or I N U) (Matthews, 1987), and also suggests that
the fluorescence and CD signals are monitoring different
reactions. Thus, we propose that the tryptophan fluores-
cence generally detects the folding and unfolding of the
intermediate ensemble, while CD observes the folding and
unfolding of the native state. These data are consistent with
our equilibrium data.
The data on the chevron plot, corresponding to both
phases observed in fluorescence and the slow phase in CD,
were fit to a two-state model to determine the free energy
change in the absence of denaturant as described under
Materials and methods. From fitting the chevron data, the
values for the relaxation times in the absence of urea (H2O)
and m‡ value (the slope of each arm of the curves, which
corresponds to a measure of the change in the solvent
exposure between the product of the folding or unfolding
reaction and the transition state) can be also calculated. In
turn, the meq for the kinetics is calculated from the m‡ values
of the folding and unfolding reactions as described under
Materials and methods (Table 2). The G’s and m values
from the equilibrium experiments were compared to the
G’s and meq values from the kinetic experiments; the
values were similar, verifying the validity of fitting our
kinetic chevron data with a two-state model. If the meq and
m values had been different, this would have been a strong
indication that we needed to fit the kinetic chevron data
differently. The folding and unfolding arms of the fast phase
in CD were each fit independently to determine the rate
constants, as described under Materials and methods, be-
cause the data were not precise enough to fit to the two-state
model.
Unlike the folding monitored by tryptophan fluorescence
or CD, the kinetics monitored by bisANS fluorescence seem
to be a more global probe for folding. Following the for-
Fig. 4. Kinetics of unfolding monitored by CD and tryptophan fluorescence. Folded coat protein monomers were rapidly diluted to various final concentrations
of urea and the kinetics of unfolding were monitored. For reactions monitored by circular dichroism, the final protein concentrations were 33 and 100 g/ml.
In experiments using tryptophan fluorescence, the final protein concentrations were 25 and 100 g/ml. (Left panels) (A) Representative scan of the raw data
at 100 g/ml monitored by circular dichroism at 222 nm. The solid black line is the fit of the data to a first-order rate equation with two exponentials. (B)
Residuals of the fit with a single exponential. (C) Residuals of the fit with a two exponentials. (Right panels) (A) Representative scan of the raw data at 100
g/ml monitored by tryptophan fluorescence. The excitation and emission wavelengths were 295 and 330 nm, respectively. The solid black line is the fit of
the data to a first-order rate equation with two exponentials. (B) Residuals of the fit with a single exponential. (C) Residuals of the fit with two exponentials.
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mation of the burst-phase intermediate, the fast phase of the
bisANS kinetics appears to correspond to the same event as
observed by the tryptophan fluorescence, and the slow phase
in folding is similar to that seen by the slow phase of folding
monitored by CD, because the relaxation times for each set
of events were similar.
The unfolding reaction showed two phases when moni-
tored by fluorescence and CD. Because the first step in an
unfolding reaction is usually rate-limiting and, therefore, the
only one observed, unfolding kinetic data are usually best fit
with a first-order reaction with a single exponential (Creigh-
ton, 1993). Thus, the presence of two unfolding arms in the
chevron plots suggests that coat protein has two native
states that unfold at different rates (Jennings et al., 1993;
Touchette et al., 1986).
Coat protein folds via parallel pathways to two native
states
Based on the data presented here, we have developed a
model (Fig. 8) with multiple intermediates and two native
states to describe the folding pathway. Our model shows
parallel paths (A and B) with sequential intermediates. The
burst-phase intermediates form in the dead time of a manual
mixing kinetic experiment (5–7 s). The folding burst
phase was apparent in kinetics monitored by CD, fluores-
cence, and bisANS binding. Following the formation of the
burst-phase intermediate, the development of an intermedi-
ate (Intermediate 2) ensemble with high hydrophobicity was
observed, as indicated by an increase in the tryptophan
fluorescence and bisANS fluorescence, but little change in
secondary structure was observed. This intermediate ensem-
ble is similar to the intermediate species populated at equi-
librium at about 1 M urea, suggesting that this equilibrium
intermediate likely represents an intermediate ensemble
populated during the folding reaction. We show the forma-
tion of the Intermediate 2 ensemble following both slow and
fast parallel pathways from the burst-phase intermediates
because there are two phases in the folding reactions. The
intermediates must be in equilibrium with each other be-
cause two distinct intermediate ensembles are not observed
Fig. 5. Kinetics of folding monitored by CD and tryptophan fluorescence. Native coat protein was folded by rapidly diluting unfolded coat protein (in 6.75
M urea) by the addition of buffer containing various concentrations of urea and the kinetics of the reaction monitored. For reactions monitored by circular
dichroism, the final protein concentrations were 33 and 100 g/ml. In experiments using tryptophan fluorescence, the final protein concentrations were 25
and 100 g/ml. (Left panels) (A) Representative example of the raw folding data monitored by circular dichroism at 222 nm at 100 g/ml. The solid black
line is the fit of the data to a first-order rate equation with two exponentials. (B) Residuals of the fit with a single exponential. (C) Residuals of the fit with
a two exponentials. (Right panels) The kinetics of folding monitored by tryptophan fluorescence, as described above. The excitation and emission wavelengths
were 295 and 330 nm, respectively. (A) Representative scan of the raw data at 100 g/ml. The solid black line is the fit of the data to a first-order rate equation
with two exponentials. (B) Residuals of the fit with a single exponential. (C) Residuals of the fit with a two exponentials.
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in the equilibrium urea titration data. Following the forma-
tion of Intermediate 2, the native state ensemble forms. This
transition was observed by both CD and bisANS signals.
The formation of monomeric native states, NA and NB, is
the rate- limiting step in the folding reaction. When the
equilibrium of the native state ensemble is perturbed by a
change in urea concentration, the fluorescence signal
changes so rapidly that kinetics are not observed, which
indicates that the native species are in a rapid equilibrium
(data not shown). Though we have no direct evidence that
there are multiple unfolded states or that there are two burst
phase intermediates, these species are likely present since
there is evidence for parallel pathways to Intermediate 2 and
to the native states.
Discussion
To understand how a viral capsid protein is able to fold
and attain the multiple conformations required to assemble
into an icosahedral capsid, we have studied the thermody-
namics and kinetics of the folding of wt phage P22 coat
protein in vitro. We have shown that there are two native
states and that several intermediates are populated during
the folding of coat protein.
Monomeric wt P22 coat protein has multiple native states
in solution
Both analytical ultracentrifugation sedimentation veloc-
ity and urea equilibrium titration indicate that coat protein is
monomeric under the folding conditions used in this study.
The overall stability of monomeric coat protein is low.
Perhaps coat protein is unstable so that the conformational
switching that occurs during assembly has a low energy
barrier. Once formed, the capsid is stabilized by coat protein
subunit interactions (Capen and Teschke, 2000; Lanman et
al., 1999).
During assembly, these chemically identical monomeric
coat protein subunits take on different conformations to
form an icosahedral capsid. Image reconstruction of elec-
tron cryo-micrographs indicated that procapsids had one
conformation for the penton position and three conforma-
tions for the hexon positions (Thuman-Commike et al.,
1996), though more a recent study suggests that there is a
sole conformation for the hexameric subunits (Jiang et al.,
2003). Accordingly, our data provide evidence for two pop-
ulations of monomeric native states. Perhaps these represent
the hexon and penton classes of conformations required
during assembly. Since the native states are in rapid equi-
librium, switching between the conformations during as-
sembly should be relatively simple. Of course, scaffolding
protein is likely to play an important role in switching coat
protein conformations, either by selecting from the preex-
isting solution conformations or by shifting the conforma-
tions of coat protein during assembly (Dokland, 1999).
Another possibility is that one of the conformations that we
observe in solution is not assembly- competent and only one
of the two native states is used in formation of a procapsid.
Coat protein has been reported to have two domains that
are joined via a flexible hinge (Lanman et al., 1999). Pos-
sibly the flexibility inherent in this hinge could be a way that
coat protein shifts between the two native states and the
conformers required for assembly. In support of this notion,
the bacteriophage HK97 has been shown to preassemble its
coat protein subunits into pentamers and hexamers, which
can be forced to interconvert by changing the solution
conditions (Xie and Hendrix, 1995). Thus, the genetically
identical HK97 coat protein subunits can alternate between
the hexamer and pentamer conformations. HK97 also un-
dergoes a large-scale conformational change, similar to P22
procapsid maturation, as it matures from Prohead II to Head
Fig. 6. Kinetics of refolding monitored by bisANS fluorescence. Un-
folded coat protein, in 6.75 M urea, was rapidly diluted by adding
buffered urea solutions containing 2.5 M of the hydrophobic dye,
bisANS. The final protein concentration was 25 g/ml (0.5 M). The
excitation and emission wavelengths were 400 and 490 nm, respec-
tively. (A) Representative scan of the raw data at 25 g/ml. The solid
black line is a the fit of the data with a first-order rate equation with two
exponentials. The inset shows the residuals of that fit. (B) Dependence
of the relaxation times on the bisANS concentration at a representative
urea concentration (0.5 M). The lines show the extrapolation of the data
to 0 M urea. The relaxation time obtained from this extrapolation was
used for the chevron plot in Fig. 7C.
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II, as seen in structures determined by X-ray crystallography
(Conway et al., 2001). This change involves two motifs in
the HK97 coat protein that undergo refolding, as well as
subunit rotation. A recent structural examination by electron
cryomicroscopy of the P22 procapsid and mature phage
shows that P22 coat protein in these assemblies is similar in
structure to HK97 coat protein and undergoes structural
transitions similar to those of HK97 coat protein (Jiang et
al., 2003). Thus, these data indicate that capsid proteins
must exist in multiple states both during assembly and once
assembled, and our data indicate that these conformations
may even be populated when the proteins are monomers,
prior to assembly.
Coat protein folds through several intermediates
We have shown that wt P22 coat protein folds into
monomers through several intermediates, one of which is
well-populated in equilibrium experiments. The folding of
coat protein is unusual, as it appears that the environment of
the tryptophans is established early in folding and is suc-
ceeded by the formation of most of the secondary structure.
Fluorescence quenching experiments do not indicate that
there is more than one environment for the tryptophans
(Teschke, 1999), in agreement with findings of other inves-
tigators (Prevelige et al., 1994). The tryptophans are rea-
sonably evenly distributed in the linear sequence of coat
protein (Eppler et al., 1991), suggesting that regions of the
protein distant in sequence may contribute to the hydropho-
bic pocket. We speculate that formation of this hydrophobic
pocket is an energetically favorable step that drives the
forward folding reaction of this protein that requires mar-
ginal stability for its function.
Why is coat protein aggregation-prone?
Understanding the molecular basis of aggregation is im-
portant in terms of inhibiting some human diseases and also
for the mass production of medically important proteins by
the biotechnology industry (Jaenicke, 1995; King, 1989;
Fig. 7. Urea dependence of the folding and unfolding relaxation times. Wt coat protein was folded and unfolded at various urea concentrations. The kinetic
data were fit to determine the relaxation times. The relaxation times are plotted vs. the urea concentration at which that kinetic experiment was done on a
semi-log plot. Slow refolding (, ), and unfolding (F, E) reactions, as well as fast refolding (Œ, ‚) and unfolding reactions (}, {), are shown. Closed
symbols are 100 g/ml and open symbols are 25 g/ml. The lines are the fits of the data as described under Materials and methods. (A) Data obtained using
circular dichroism; (B) data from intrinsic tryptophan fluorescence; (C) data from bisANS.
Table 2
Kinetic parameters determined from analysis of the kinetic data in chevron plotsa
Method foldingH2O (s) UnfoldingH2O (s)  meq (kcal mol1 M1) G° (kcal/mol)
CDb 1 370  20 4.6  106  2.4  106 0.93  0.02 7.2  1.2 5.6  1.0
2d 25  8 9000  5300
Fluorescenceb 1 59  17 39000  11000 0.73  0.12 1.4  0.3 3.8  1.2
2 10  3 3100  1000 0.72  0.17 1.2  0.4 3.4  1.7
bisANSc 1 804  16
2 39  5
a Fits of the urea dependence of the relaxation times for folding and unfolding ().
b CD and fluorescence data were collected at 0.5 and 2 M monomer.
c Protein and bisANS concentrations used were 2 and 2.5 M, respectively. Only folding data were collected.
d Folding and unfolding arms analyzed separately.
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Klabunde et al., 2000; Marston, 1986). For instance, many
proteins that lead to human disease states have amino acid
substitutions that cause a destabilization of the native state,
populating an intermediate and causing aggregation (Booth
et al., 1997; Canet et al., 1999; Kelly, 1997; Kelly et al.,
1997; Wetzel, 1997). Coat protein has been shown to be
aggregation prone in vivo and in vitro (Gordon and King,
1993; Nakonechny and Teschke, 1998; Teschke, 1999). The
fact that the native state is marginally stable suggests that
the intermediate observed here may be populated, leading to
the formation of aggregates. We propose that the tsf substi-
tutions in coat protein lead to an increase in the concentra-
tion of its folding intermediates. Indeed, the tsf substitutions
appear to cause coat protein to be aggregation prone by
increasing both the folding and the unfolding rates, leading
to a greater amount of intermediate (Doyle et al., manuscript
in preparation).
In conclusion, we believe the insights gained by studying
phage P22 coat protein can be broadly applied to the un-
derstanding of the assembly of other dsDNA viruses and the
aggregation of biologically important proteins. We have
found that two native states of coat protein are populated
upon folding that may be important to attain the conformers
needed for assembly. In addition, it is likely that coat pro-
tein is aggregation-prone because of the long-lived interme-
diates in its folding pathway.
Materials and methods
Chemicals, proteins, and buffers
Ultrapure urea was purchased from ICN. BisANS was
acquired from Molecular Probes. All other chemicals were
reagent grade and purchased from common sources. Puri-
fication of wt coat protein was done as previously described
(Galisteo et al., 1995; Prevelige et al., 1988; Teschke and
King, 1993). All experiments described below were done in
20 mM sodium phosphate buffer, pH 7.6.
Unfolded and refolded coat protein monomers
To obtain unfolded coat protein monomers, empty pro-
capsid shells, which are procapsids stripped of other pro-
teins and therefore composed solely of coat protein, were
incubated in 6.75 M urea for 30 min at room temperature, a
time sufficient to completely dissociate and denature the
protein (Teschke, 1999). To obtain folded coat protein
monomers, unfolded coat protein (described above) at 1
mg/ml (20 M) was loaded into a microdialyzer (Gibco-
BRL) and dialyzed overnight against phosphate buffer at a
rate of 0.3 mL/min to remove the urea. Coat protein mono-
mers obtained by this method are assembly-competent but
will not assemble into procapsids until the addition of scaf-
folding protein and subsequent incubation at 20°C (Fuller
and King, 1981, 1982; Prevelige et al., 1988; Teschke,
1999; Teschke and King, 1993, 1995). The index of refrac-
tion of the sample was compared to the buffer to ensure
dialysis was complete. The protein concentrations were
determined using the extinction coefficient for coat protein
of 0.957 ml mg1 cm1 at 280 nm (Teschke et al., 1993).
The refolded coat protein monomers were held on ice until
use.
Analytical ultracentrifugation sedimentation velocity
Folded wt coat protein was prepared by microdialysis as
described above at concentrations of approximately 4 and
20 M. Samples were loaded into the solution compartment
of a 12-mm aluminum-filled Epon double-sector analytical
ultracentrifuge (AU) cell outfitted with sapphire windows.
The solvent compartment was loaded with the buffer from
the final dialysis of the protein solution. Samples were
centrifuged with a Beckman XL-I AU at 50,000 rpm and
4°C. Data were collected with interference optics until sed-
imentation of the boundary was complete. This experiment
was repeated using a new wt coat protein preparation with
concentrations of approximately 4 and 18 M. The program
Fig. 8. Proposed folding model for wt coat protein. We propose that wt coat protein folds through two parallel channels with sequential intermediates, which
are in equilibrium. Two native states are populated and in rapid equilibrium. Analysis of the kinetic folding and unfolding data supports parallel pathways
though there is no direct evidence for two unfolded states or two burst-phase intermediates. An alternate model could have a single unfolded ensemble that
collapses to a burst-phase intermediate, which would then rearrange into two different intermediate 2 species and folding to the native states.
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“Sedinterp” (Arakawa and Timasheff, 1985) was used to
calculate solvent density (1.0012 g/cm) and partial specific
volume of the protein (0.7328 ml/g). The scans of the
velocity study were analyzed using the program “DCDT”
(Philo, 2000), which gives a plot of g (s*) vs s* (Philo,
1994). This plot was fit to a Gaussian distribution and values
for the sedimentation coefficient (S) and diffusion constant
(D) were calculated (Philo, 1994, 2000). The program “Sed-
fit” (Schuck, 2000) was used to estimate the amount of
higher molecular weight aggregate in the 1 mg/ml sample
using an ideal independent sedimenting species model.
Fluorescence and circular dichroism measurements
Tryptophan fluorescence experiments were done with an
SLM Aminco-Bowman 2 spectrofluorometer. For equilib-
rium measurements, the excitation wavelength was 295 nm
and the emission wavelength was either 330 or 340 nm.
Both the excitation and the emission band passes were 4 nm.
For kinetic measurements monitored by tryptophan fluores-
cence, an excitation wavelength of 295 nm, emission wave-
length of 330 nm, and band passes of 1 and 8 nm, respec-
tively, were used. The temperature of the cuvette was
maintained at 20°C with a circulating water bath. The bind-
ing of bisANS to coat protein was monitored with an exci-
tation wavelength of 390 nm and an emission wavelength of
495 nm, as described previously (Farris et al., 1978; Te-
schke and King, 1993, 1995). Circular dichroism (CD) was
done with either an Applied Photophysics Pi-Star 180 cir-
cular dichroism spectrapolarimeter with the cuvette main-
tained at 20°C with a circulating water bath or a Jasco J-715
circular dichroism spectrapolarimeter thermostatically con-
trolled at 20°C with a Peltier accessory. The CD signal was
monitored at 222 nm with a slit width of 4 nm. Both CD
instruments gave similar results. A 1-cm pathlength cell was
used for both equilibrium titration and kinetic experiments.
Equilibrium measurements in the CD and fluorometer were
averaged for 30 s per point.
Unfolding and refolding to equilibrium
Solutions of refolded coat protein monomers and coat
protein unfolded in 6.75 M urea were diluted to final protein
concentrations of 0.5 M (25 g/mL), 0.66 M (33 g/
mL), or 2 M (100 g/mL). The solutions of folded and
unfolded protein were then mixed in various concentrations
with a Hamilton Microlab 500 titrator to final urea concen-
trations from 0 to 5 M. Unfolded coat protein was kept at
room temperature during titrations. Refolded coat protein
was kept on ice during titrations. After titration, samples
were immediately incubated at 20°C for 3 h prior to mea-
surement. Separate equilibrium titration experiments begin-
ning from only folded coat protein or unfolded coat protein
were done to ensure reversibility of folding. In some of
these experiments, bisANS (2–3 M) was added after equi-
librium was achieved and the solutions were incubated for
an additional 30 min. The optical properties of the protein
were monitored by tryptophan fluorescence, bisANS fluo-
rescence, and CD as described above.
Both the transitions and the baselines for fluorescence or
CD were individually analyzed using a three-state model,
N N I N U, where N is the native state, I is the interme-
diate, and U is the unfolded protein, with the nonlinear
least-squares fitting program, Savuka (Bilsel et al., 1999;
Zitzewitz et al., 1995). All data sets were also globally
analyzed using the same three-state model. The G0(H2O)
and the sensitivity of the each transition to denaturant, m,
were determined by fitting the equilibrium data sets assum-
ing a linear relationship between the free energy of unfold-
ing for each transition and the denaturant (Finn et al., 1992;
Santoro and Bolen, 1988)
G0  G0(H2O)  m[urea].
For the global fit, all of the data from each technique were
analyzed simultaneously to determine the baseline slopes
and intercepts and the thermodynamic parameters as de-
scribed in Finn et al. (1992). The data were normalized
using the formula
Fsignal  KNI	ZI  KIU
/1  KNI	1  KIU

where KNI  [I]/[N] and KIU  [U]/[I] and ZI  (YI 
YN)/(YU  YN). The Z parameter normalizes the optical
properties (Y) of the intermediate to that of the native and
unfolded states. The Y values were treated as local param-
eters, whereas the G0(H2O), and the m values were glo-
bally fit. In the fitting process, all of the parameters were
free to float until the program optimized the parameters of
the equation. The Z value was linked among the fluores-
cence curves and separately linked among the CD curves, so
that two Z values were determined for each fit. The fraction
of each species at different urea concentrations was calcu-
lated using the equilibrium parameters for each transition
from the three-state fit, again using the program Savuka
(Bilsel et al., 1999; Zitzewitz et al., 1995).
Kinetics of unfolding and refolding
Unfolding and refolding kinetic experiments were done
with folded and unfolded coat protein monomers prepared
as described above. In each experiment, the final concen-
tration of coat protein was either 0.5 or 2 M. To initiate an
unfolding reaction, folded wt coat protein monomers at 1
mg/mL (20 M) were diluted 1:40 or 1:10, respectively,
with buffered urea. The solution of folded coat protein
monomers was placed in the bottom of the cuvette and the
buffered urea was pipetted into the folded protein while
constantly stirring. Refolding experiments were done simi-
larly with coat protein that had been denatured in 6.75 M
urea. To initiate refolding, 40 M (2 mg/mL) unfolded coat
protein was diluted 1:80 or 1:20 (for 0.5 or 2 M final
protein concentration), respectively, with buffered urea so-
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lutions. The final urea concentration was determined by
measuring the refractive index. The constantly stirred reac-
tions were monitored by fluorescence or CD, as described
above. When the experiments were performed this way,
little competing aggregation was observed. This mixing
method led to a dead time of 5–7 s. For the reactions
monitored by CD, final protein concentrations of 33 and 100
g/mL (0.66 and 2 M) were used.
All kinetic traces were fit to a first-order reaction with
either one or two exponentials using the program Savuka
(Ghaemmaghami et al., 1998; Gloss and Matthews, 1998),
S	t
  Sf  S1et/1
or
S	t
  Sf  S1et/1  S2et/2
where S(t) is the fluorescence or CD signal as a function of
time, t, Sf is the final signal, S1 is the amplitude of the
fluorescence or CD signal change due to the first relaxation,
S2 is the amplitude of the signal change of the second
relaxation, and  is the relaxation time (or the inverse of the
apparent rate constant, 1/k).
Refolding kinetics, monitored by bisANS fluorescence,
were performed using a similar procedure as described
above. Unfolded coat protein was added to a buffered urea
solution that contained bisANS. To obviate any effect of
bisANS on the folding kinetics, concentrations of bisANS
from 2 to 8 M were used in refolding experiments at five
different final urea concentrations. The kinetic data were fit
to a first-order reaction with two exponentials and the re-
laxation times plotted vs the bisANS concentration for each
final urea concentration. To determine the relaxation time in
the absence of bisANS, a line was extrapolated to 0 M
bisANS and plotted in a chevron plot, described below.
All of the relaxation times from the kinetic experiments
were plotted, in a chevron plot, against the urea concentra-
tion on a semilog plot. The urea dependence of the slow
refolding and unfolding relaxation times, when monitored
by tryptophan fluorescence or CD, was fit with the follow-
ing equation for a two-state system modified from Ghaem-
maghami et al. (1998),















where f and u are 1/kf0 and 1/ku0, respectively, and are the
folding and unfolding relaxation times in the absence of
urea. The meq  RT(mu‡  mf‡), where mu‡ and mf‡ are the
slopes of the unfolding or refolding arms of the chevron plot
and reflect the sensitivity of each reaction to denaturant. The
meq is similar to the m value obtained from equilibrium urea
titrations. Finally,   (mu‡/mu‡  mf‡) and is a measure of
how similar the transition state of the reaction is to the
native state or the unfolded state. When  is close to 1, the
position of the transition state is near the native state and if
 is close to 0, the transition state is near the unfolded state.
For some of the folding and unfolding arms, the urea
dependence of the relaxation times was determined with
Kaleidagraph using the equation (Gloss and Matthews,
1998)
1/  kH2Oexpm‡urea/RT
where kH2O is the apparent rate constant of the folding or
unfolding reaction in the absence of urea and m‡ is the
denaturant dependence of the folding or unfolding reaction.
Burst-phase experiments
To determine how much signal change occurs in the dead
time of the instrument (known as the burst phase), a series
of kinetic refolding and unfolding experiments and an equi-
librium titration were done as described above. The equi-
librium titration and kinetic experiments were performed
concurrently with identical protein concentrations and in-
strument settings so that comparisons between kinetic and
equilibrium experiments are valid. First, the raw data from
the equilibrium titration were plotted and the baselines ex-
trapolated completely across the equilibrium transition. The
initial signal amplitude expected for the kinetic experiment
at the final urea concentration of the experiment was deter-
mined from the equilibrium titration. The data from the
kinetic experiments were then plotted and the actual initial
signal amplitude was established. The signal amplitudes of
the kinetic and equilibrium experiments were compared.
Any difference in the signal determined from the equilib-
rium titration data and the initial signal from the kinetic data
is the burst phase (Bilsel et al., 1999). If the amplitudes are
identical, there is no burst phase.
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